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The  advent  of  supersonic  flight,  and  the  increasing  certainty  that 
supersonic  speeds  will  be  routine  for  both  fighter  and  bomber  aircraft 
within  the  next  few  years,  have  brought  the  problem  of  describing  the 
motion  of  bullets  launched  with  large  initial  yaw  from  a  difficult  low 
priority  research  investigation  to  an  equally  difficult  problem  of  the 
utmost  current  engineering  importance. 

The  practical  problem  can  be  simply  stated  -  to  describe  the 
trajectories  of  bullets  fired  from  aircraft  with  sufficient  accuracy  to 
permit  the  design  of  adequate  fire  control  equipment.  The  trajectory 
data  must  be  available  to  the  fire  control  designer  about  two  years 
before  the  equipment  is  ;to  be  ready.  The  airplanes  are  not  available, 
so  the  predictions  must  be  based  on  model  tests  and  ground  firings, 
for  the  most  part. 

In  this  paper  we  discuss  the  steps  being  taken  at  the  Ballistic 
Research  Laboratories  to  attempt  to  obtain  the  basic  information  needed 
to  predict  the  paths  of  bullets  launched  cross-wind  from  aircraft  whose 
speeds  will  he  comparable  to  that  of  the  bullets.  The  general  plan  of 
the  research  is  described,  together  with  some  of  the  preliminary  results, 
and  some  novel  experimental  techniques  are  reported. - 

FLIGHT  CONDITIONS  TO  BE  EXPECTED 

Aircraft  currently  under  development,  to  be  armed  with  machine  guns 
now  undergoing  test,  are  expected  to  fly  at  Mach  numbers  of  the  order  of 
2  and  at  altitudes  of  the  order  of  60,000  ft.  Ammunition  designed  for 
these  guns  yields  muzzle  velocities  of  approximately  5,000  ft/sec . 

Figure  1  shows  the  initial  yaw  of  the  bullet  as  function  of  the  gun 
angles  off  the  airplane  center  line  for  a  typical  World  War  II  bomber, 
and  for  a  Mach  Ko.  2  bomber,  typical  of  the  performance  expected  in  the 
immediate  future.  The  increasing  severity  of  the  launch  conditions  with 
the  future  airplane  is  what  makes  the  problem.  Figure  2  gives  the 
aerodynamic! st 's  view  of  the  problem;  it  shows  the  initial  yaw  as  function 
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of  bullet  Mach  No.  for  the  30mm  shell  T306E10,  for  flight  conditions 
specified  by  the  U.  S.  Air  Force. 

With  initial  yaws  as  large  as  shown,  there  is  no  reason  to  believe 
that  calculations  based  on  the  linearized  theory  of  motion  of  shell 
(Ref.  1,  2,  3)  should  be  adequate.  Although  the  experimental  firings 
of  Simon  and  Sterne,  (Ref.  2)  gave  a  gratifying  agreement  with  the 
predictions  of  linear  theory,  these  firings  in  19^2  were  conducted  at 
an  air  speed  of  some  270  mph.  The  more  recent  firings  off  the rrocket 
sled  at  the  U.  S.  Naval  Ordnance  Test 'Station,  Inyokern,  (Ref.  4)  are 
markedly  at  variance  with  the  predictions  of  the  linearized  theory. 

Here  the  sled  velocity  was  about  1,100  ft/ sec,  giving  substantial 
initial  yaws . 


THE  SOURCES ‘OF  AERODYNAMIC  DATA  ON  SHELL’ 

The  principal  sources  of  accurate  aerodynamic  data  on  shell  are 
free  flight  aerodynamic  ranges  using  the  spark  photography  techniques 
developed  during  World  War  II  by  Charters  at  BRL,  and  supersonic  wind 
tunnels.  Both  techniques  have  limitations  which  affect  their  application 
to  the  problem  at  hand. 

<. 

The  free  flight  ranges  have  been  developed  into  instruments  of  great 
precision,  capable  of  yielding  the  path  of  the  center  of  gravity  of  shell 
to  an  accuracy  of  about  0.01  inch,  with  timing  accuracy  of  about  one 
millionth  of  a  second.  From  the  photographs,  the  attitude  of  the  shell 
can  be  determined  within  about  3  minutes  of  arc.  With  this  sort  of 
accuracy,  it  is  possible  to  determine  the  drag  of  a  bullet  with  about 
three  significant  figures,  and  to  get  two  significant  figure  accuracy 
on  the  normal  force  coefficient  by  measuring  the  amplitude  of  the 
swerving  motion,-  which  amplitude  is  of  the  order  of  one  caliber. 

However,  this  accuracy  depends  on  a  curve-fitting  process  -  the  motion 
of  the  shell  is  assumed  to  be  that  predicted  by  the  linearized  theory. 

If  the  aerodynamic  force  system  is  significantly  non-linear,  even 
though  a  good  fit  may  be  obtained  with  the  assumed  linear  force  system, 
the  forces  themselves  may  be  grossly  in  error.  This  error  shows  up 
through  a  dependence  of  the  results  on  initial  conditions,  as  a  scatter 
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in  the  results,  not  predictable  from  round  to  round.  Due  rto  the 
reduction  procedures  which  must  be  used  to  obtain  high  precision, 
the  ranges  are  blind  to  non-linearities . 

Thus,  unless  the  correct  initial  conditions  are  used,  the r range 
data  say  nothing  about  the  trajectories  to  be  expected  with  high 
initial  yaws.  For  small  yaws,  where  the  linear  theory  may  be  expected 
to  hold,  they  are  by  far  the  most  accurate  measuring  device  available 
to  the  exterior  ballistician,  but  for  the  present  problem  the  inability 
to  launch  shell  with  large  initial  yaw  and  zero  yawing  velocity  makes 
them  essentially  useless  by  themselves. 

The  wind  tunnel,  on  the  other  hand,  is  not  bothered  by  non-linearities. 
Data  have  been  available  for  many  years  on. the  variation  of  lift,  drag,  and 
pitching  moment  on  bodies  of  revolution,  through  a  range  of  angle  of  incidence 
large  enough  to  exhibit  large  non-linear  effects.  The  first  static  tests 
on  the  .-aerodynamics  of  shell  at  large  yaw  made  in  the  BRL  supersonic  wind 
tunnel  were  carried  out  in  19^7  (Ref*  5>  6).  Walchner,  at  Gottingen, 

(Ref.  7)  had  carried  out  systematic  measurements  on  the  lift,  drag,  and 
moment  characteristics  of  shell  during  World  War  II,  although  he  covered 
a  relatively  limited  range  of  angles  of  attack  and  Reynolds’  No. 

Until  recently,  however,  little  progress  had  been  made  in  the  develop¬ 
ment'  of  techniques  for  the  measurement  of  dynamic  properties  like  the  damping 
in  pitch,  and  relatively  little  effort  had  been  expended  on  measurement  of 
the  Magnus  force  and  moment,  the  forces  due  to  spin. 

Data  of  the  sort  which  has  been  available  from  the  ranges  and  wind 
tunnels  are  shown  in  Figures  3  through  9 •  These  are  the  results  of  recent 
measurements  on  the  30mm  shell  T306E1O,  whose  outline  is  shown  in  the  spark 
photograph.  Figure  10. 

AN  ATTACK  ON  THE  LARGE  YAW  PROBLEM 

In  principal,  at  least,  it  should  always  be  possible  to  compute  the 

motion  of  a  rigid  body  through  the  air,  given  the  initial  conditions,  and 

\ 

given  enough  information  about  the  aerodynamic  force  system  to  compute  the 
instantaneous  linear  and  angular  accelerations.  Thus,  with  large  scale 
electronic  computers  to  do  the  computing  for  us,  the  problem  reduces  to  an 
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aerodynamic  one  -  the  specification  of  the  force  system.  This rf ore e 
system  could  he  expected  to  depend  on  the  following  quantities, 
representative  of  the  instantaneous  condition  of  flight:  Mach  number, 

Air  Density,  Yaw  Angle,  Rate  of  Change  of  Yaw  Angle,  Axial  Spin,  Yawing 
Acceleration,  Transverse  Acceleration,  Axial  Acceleration. 

Since  an  eight  parameter  non-linear  specification  of  each  of  the 
six  quantities  required  to  establish  the  instantaneous  force  system 
seems  to  suggest  a  lifetime  of  experimentation,  and  since  we  can't 
measure  some  of  the  proposed  dependences  anyhow,  we  look  for  a  simplified 
representation,  which  we  hope  will  prove  sufficient.  The  simplifications 
are  based  in  part  on  reasonably  good  experimental  grounds,  and  in  part  on 
theoretical  estimates  of  the  relative  magnitudes  involved.  The  simplified 
force  system  we  are  assuming  can  he  represented' as rfollows: 


Lift  =  f-^Ma, 
Drag  =  f2(Ma, 
Pitching  Moment  =  f^(Ma, 
Damping  Moment  =  f^(Ma, 
Damping  Force  =  f^(Ma, 
Magnus  Force  ■  =  fg(Ma, 
Magnus  Moment  =  f^(Ma, 
Axial  Torque  *  fg(Ma, 


Re,  ,5.)pV2 
Re,  6)pV2 
Re,  BjpV2 
Re,  6)pV^ 

Re,  S)pVS 
Re,  5,  v)pV2 
Re,  5,  v)pV2 
Re ,  v ) pV2 


Where  p  ==>  Air  Density  5 

V  =  Velocity  v 

6  =  Yaw  Angle  Ma 

Re  -  Reynolds  r 


=  Yawing1  Velocity 
=  Dimensionless  Spin 
=  Mach  No. 

No. 


The  assumption  that  the  lift,  drag,  and  pitching  moments  do  not 
depend  on  spin  is  based  on  limited  wind  tunnel  experiments  on  models 
with  turbulent  boundary  layers.  Happily,  we  have  not  been  able  to 
■measure  any  effect  of  spin  on  these  components,  so,  at  least  the 
dependence  is  small  enough  so  that  it  can  be  neglected  for  the  moment. 
Neglect  of  dependence  of  any  of  the  force  or  moment  components  on  linear 
or  angular  accelerations  appears  permissible,  since  these  accelerations 
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are  in  general  very  small,  and  since  estimates  "based  on  linear 
aerodynamic  theory  suggest  the  associated  aerodynamic  forces  can 
safely  be  neglected.  Neglect  of  Magnus  forces  and  moments  depending 
on  the  angular  velocity  normal  to  the  shell  axis  is  on  rather  shaky 
ground  -  the  crude  estimates  iwe  have  made  suggest  these  forces  and 
moments  should  be  small  compared  to  the  pitching  moment  and  .lift, 
and  small  compared  to  the  Magnus  force  and  moment  in  most  cases. 

In  any  event,  we  have  never  been  able  to  detect  the  effects  of  such 
forces  and  moments  in  the  spark  photography  range  experiments,  and 
we  cannot  at  this  time  measure  them  in  the  wind  tunnel.  Thus  we  will 
neglect  them  unless  forced  to  include  them  by  failure  to  predict 
correct  trajectories  with  the  present  force  and  moment  system. 

If  we  can  accept  this  force  system  as  adequate,  we  should  be 
able  to  define  it  completely  using  the  wind  tunnel,  using  rotating 
models  for  Magnus  force  and  moment  determination,  and  non-rotating 
oscillating  models  to  measure  the  damping  in  pitch. 

Once  the  force  system  is  specified  for  the  range  of  conditions 
expected  in  flight,  yaw  histories  and  trajectories  will  be  computed 
using  large-scale  electronic  computers  available  at  BRL.  Some  of 
these  trajectories,  with  initial  conditions  appropriate  to  airplane 
launch  conditions,  will  make  up  the  firing  tables.  Others  will  be 
used  to  test  the  assumptions  about  the  force  system. 

To  test  our  assumptions  we  plan  to  use  the  spark  photography 
ranges.  In  the  ranges  we  cannot  get  large  initial  yaws,  but  we  can 
easily  obtain  -large  initial  yawing  velocities  by  well-known  techniques . 

The  yaw  histories,  jump,  and  swerving  motions  will  be  different  from 
those  corresponding  to  the  airplane  case,  but  we  will  have  large  amplitude 
yawing  motions,  and  great  accuracy  of  experimental  trajectory  determination. 
If  the  force  system  assumed  is  inadequate,  the  inadequacy  should  be  revealed 
by  comparison  between  the  computed  motions  for  the  range  initial  conditions, 
and  the  measured  motions.  Additional  ...checks  are  planned  by  firings  from 
the  Inyokern  track,  where  we  should  be  able  to  get  test  trajectories  with 
the  correct  initial  conditions  but  limited  to  sea  level  densities  -  As  a 
final  check,  some  very  limited  firings  from  a  specially  instrumented 
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fighter  airplane  are  contemplated,  with  correct  initial  conditions  at 
operational  altitudes. 

WIND  TUNNEL  TECHNIQUES  FOR  MAGNUS  MOMENT  AND  DAMPING  IN  PITCH 

Personnel  of  the  Supersonic  Wind  Tunnels  Branch  of  the  BRLfs 
Exterior  Ballistics  Laboratory  have  developed  what  appear  to  be 
adequate  techniques  for  the  measurement  of  the  Magnus  force  and  moment 
on  spinning  shell  models,  and  of  the  damping  in  pitch  for  non- spinning 
models.  While  no  reports  have  as  yet  been  published  on  this  work,  due 
to,  the  very  preliminary  nature  of  the  results,  it  seems  worthwhile  to- 
make  some  mention  of  the  techniques'  and  exhibit  preliminary  results 
at  this  meeting. 

The  spinning  model  tests  involve  the  use  of  a  shell  model  driven 
by  an  air  turbine,  at  speeds  up  to  40,000  rpm  or  higher,  mounted  on  a 
4-component  strain  gage  balance.  Figure  11  is  a  sketch  of  a  typical 
installation,  and  Figure  -12  shows  a  representative  Magnus  moment  curve . 
Good  results  depend  on  very  steady  air  flow  in  the  wind  tunnel,  and 
great  care  in  avoiding  interactions  in  the  balance  system. 

The  damping  in  pitch  measurements  have  been  made  using  special 
struts  supporting  the  model  at’ the "desired  center  of  rotation  by 
crossed  flexure  hinges,  allowing  one  rotational  degree  of  freedom, 
as  shown  in  Figure  13 .  The  inherent  static  instability  of  the  model 
is  overcome  by  proper  choice  of  flexure • stiffness,  and  the  decay  of 
small  amplitude  pitching  oscillations  induced  by  a  remotely  controlled 
tripping  device  is  observed  by  recording  the  signal  output  from  calibrated 
strain  gages  mounted  oh  the  flexures.  Typical  results  are  shown  in 
Figure  l4.  With  this  technique  accuracy  of  the  order  +10$  in  the  damping 
coefficient  is  obtainable,  provided- the  tunnel  flow  is  very  steady,  and 
provided  very  accurate  measurements  of  the  damping  due  to  the  flexures 
under  load  are  available. 
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SUMMARY 


The  work  at  the  Ballistic  Research  Laboratories  on  large  yaw 
characteristics  of  shell  has  been  shown  to  depend  heavily  on  wind  tunnel 
measurements  and  machine  computations .  Checks  are  to  be  obtained  with 
free  flight  experiments.  The  program  has  advanced  past  the  preliminary 
technique  development  stage,  and  systematic  measurements  on  two  shell 
are  now  underway.  No  final  trajectory  checks  have  as  yet  been  made. 
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Q.  Degrees 


Figure  3 


Normol  Force  Coefficient,  C^  Pitching  Moment  Coefficient, 


Angle  of  Attack,  oc,  degrees 


PITCH  DATA  FOR  30  MM  PROJECTILE 


Re  =  62  x  I0C 


Ma  =  2.00 


Figure  4 
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Figure  7 
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STRAIN  GAGES ~v  TURBINE  NOZZLE 


Figure  11 
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THRU;  Air  Force  Plant 
Repr  e  '5  ent  at  i  ve 
Glenn  L.  Martin  Company 
Baltimore  3j  Maryland 

Hughes  Aircraft  Company 
Florence  Ave .  at  Teal  St- 
Culver  City,  California 

THRU;  Air  Force  Plant 

Representative,  WEAPD 
Hughes  Aircraft  Company - 
Florence  Ave.  at  Teal  St. 
Culver  City,  California 

Air  Force  Plant  Representative 
Lockheed  Aircraft  Corporation 

P.  0.  Box '371 

Fort  Worth,  Texas 


No.  of 
Copies 


DISTRIBUTION  LIST 


1 


1 


2 


1 


2 


1 


No.  of 

Organi zation  Copies 

McDonnell  Aircraft  Corp.  2 

P.  0.  Box  516 
Municipal  Airport 
St.  Louis  3,  Missouri 

THRU:  St.  Louis  Procurement 
District 

1114  Market  Street 
St.  Louis  1,  Missouri 

Air  Force  Development  Field 

Representative  1 

Massachusetts'  Institute  of 
Technology 
68  Albany  Street 
Cambridge  39 ,  Massachusetts 
Attn:  Lt.  Col.  C.  N.  DeGennora 

Air  Force  Plant  Representative 
North  American  Aviation,  Ihc. 

Los  Angeles  International  Airport  1 
Los  Angeles  45,  California 

North  American  Aviation,  Inc. 

1221 4  Lakewood  Boulevard 
Downey,  California 
Attn:  Mr.  Jim  Elms 

THRU:  San  Francisco  Air  Procurement 
District 
1515  Clay  Street 
Oakland  12,  California 

1 

Air  Force  Plant  Representative 
Northrop  Aircraft,  Inc. 

Department  3483 
Ogden  Air  Material  Area 
Hawthorne,  California 
Attn;.  Mr.  D.  C.  Olraore 

Sperry  Gyroscope  Company 
Great  Neck 

Long  Island,  New  Y6rk 
Attn:  John  M.  Geiger,  Federal 
Dept,  for  MA-4  Fire 
Control  System 


Organization 

University  of  Texas 
Box  8036 

University  Station 
Austin  12,  Texas 

THRU;  Dallas  Air  Procurement 
District 
Wilson  Building 
Room  338 
Dallas  1,  Texas 

United  Shoe  Machinery  Corp. 

Balch  Street 
Beverly,  Massachusetts 

THRU:  Boston  Air  Procurement 
District 
Boston  Air  Base 
Boston  10,  Massachusetts 

Westinghouse  Electric  Corp. 

Air  Armaments  Division 
Friendship  Airport 
Baltimore,  Maryland 

THRU:  Air  Force  Quality  Control 
Repr e  sentative 
Westinghouse  Electric  Corp. 
Friendship  International 
Airport 

Baltimore,  Maryland 

Dr.  L.  H.  Thomas 
Watson  Scientific  Computing  Lab. 
6l2  West  ll6th  Street 
New  York  27,  New  York 


THRU: 


Air  Force  Plant  Representative 
Sperry  Gyroscope  Co.,  EAPD 
Great  Neck,  Long  Island,  N.Y. 


